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Constitutive, agonist-accelerated, recycling and lysosomal
degradation of GABA(B) receptors in cortical neurons
Abstract
Endocytosis is considered as an important mechanism for regulating cell surface numbers and thereby
signaling strength of G protein-coupled receptors. Currently, little is known about the endocytotic
pathways of GABA(B) receptors in neurons. Here we report that GABA(B) receptors are constitutively
internalized presumably via clathrin-dependent endocytosis in cultured cortical neurons. Colocalization
of GABA(B) receptors with endosomal marker proteins indicated sorting of GABA(B) receptors from
early endosomes to recycling endosomes and to lysosomes. Cell surface biotinylation experiments
revealed fast constitutive recycling of GABA(B) receptors as the predominant pathway that was
accelerated by the GABA(B) receptor agonist baclofen. Finally, degradation of GABA(B) receptors in
lysosomes was demonstrated by their intracellular accumulation upon inhibition of lysosomal proteases
and by blocking recycling which resulted in the redirection of receptors to lysosomes for degradation.
These data imply rapid constitutive - agonist-accelerated - recycling of GABA(B) receptors presumably
via clathrin-coated pits and their final targeting to lysosomes for degradation.
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2Abstract
Endocytosis is considered as an important mechanism for regulating cell surface numbers 
and thereby signaling strength of G protein-coupled receptors. Currently, little is known about 
the endocytotic pathways of GABAB receptors in neurons. Here we report that GABAB
receptors are constitutively internalized presumably via clathrin-dependent endocytosis in
cultured cortical neurons. Colocalization of GABAB receptors with endosomal marker 
proteins indicated sorting of GABAB receptors from early endosomes to recycling endosomes
and to lysosomes. Cell surface biotinylation experiments revealed fast constitutive recycling
of GABAB receptors as the predominant pathway that was accelerated by the GABAB
receptor agonist baclofen. Finally, degradation of GABAB receptors in lysosomes was 
demonstrated by their intracellular accumulation upon inhibition of lysosomal proteases and 
by blocking recycling which resulted in the redirection of receptors to lysosomes for 
degradation. These data imply rapid constitutive - agonist-accelerated - recycling of GABAB
receptors presumably via clathrin-coated pits and their final targeting to lysosomes for 
degradation.
3Introduction
GABAB receptors are heterodimeric G protein-coupled receptors constituted of two 
different seven-transmembrane proteins termed GABAB1 and GABAB2 (Jones et al., 1998; 
Kaupmann et al., 1998; Kuner et al., 1999; Martin et al., 1999; Ng et al., 1999; White et al., 
1998). Two main variants of GABAB1 that differ in their N-terminal domain are generated by 
alternative promoter usage (Steiger et al., 2004) and give rise to two GABAB receptor 
subtypes, GABAB1a/GABAB2 and GABAB1b/GABAB2. They are abundantly expressed in all 
major brain structures and control excitability of neurons by mediating slow inhibitory 
neurotransmission (for a review see Bettler et al., 2004). 
Signal transduction of numerous G protein-coupled receptors is controlled by their
agonist-induced desensitization and subsequent internalization to protect cells against receptor 
over-stimulation. Once activated, many G protein-coupled receptors are phosphorylated by G 
protein receptor kinases, followed by recruitment of arrestins and endocytosis (Gainetdinov et 
al., 2004; Luttrell and Lefkowitz, 2002). Internalized receptors can be sorted to distinct 
endosomal compartments where they are either dephosphorylated and recycled back to the 
plasma membrane or targeted to lysosomes for degradation. At present, the precise 
mechanisms and pathways of GABAB receptor internalization remain to be determined. We 
have recently shown that GABAB receptors heterologously expressed in HEK 293 cells are 
constitutively internalized via the clathrin-dependent pathway and are targeted to lysosomes 
for degradation (Grampp et al., 2007). Neither agonist-induced internalization nor recycling 
of GABAB receptors was observed. Thus, internalization of GABAB receptors might not 
follow the classical pattern of agonist-induced desensitization and internalization. However, 
the endocytotic pathways of GABAB receptors in neurons are currently not well established.
A recent study on cultured hippocampal and cortical neurons suggests that GABAB receptors 
are very stable at the plasma membrane and display no agonist-promoted endocytosis (Fairfax 
4et al., 2004). It was speculated that GABAB receptors might be degraded by non-lysosomal 
mechanisms since inhibition of lysosomal proteases with leupeptin had no effect on 
degradation of the receptors (Fairfax et al., 2004). On the other hand, colocalization of 
GABAB receptors with lysosomes as shown in the supraoptic nucleus, argues for a 
degradation by the classical pathway via lysosomes (Richards et al., 2005). In addition, two 
recent studies using cultured neurons transfected with epitope-tagged GABAB receptors 
provided evidence either for constitutive recycling (Vargas et al., 2008) or agonist-induced 
recycling (Laffray et al., 2007) of the receptors. 
In view of these controversial observations, we aimed at studying GABAB receptor 
internalization in cultured cortical neurons using a combination of immunofluorescence
staining and biochemical methods. The data suggests that GABAB receptors in cultured 
cortical neurons are constitutively internalized via clathrin-coated pits, sorted to recycling 
endosomes for their reinsertion into the plasma membrane as well as to lysosomes for
degradation.
5Results
GABAB receptors undergo constitutive internalization in cultured cortical neurons
Previously, we had shown that GABAB receptors heterologously expressed in HEK 293 
cells display constitutive clathrin-dependent internalization and subsequent degradation in 
lysosomes using primarily antibody-based internalization assays (Grampp et al., 2007). One
potential limitation of this assay for the analysis of GABAB receptor endocytosis in neurons
was that the extent of internalized receptors expressed in HEK 293 cells critically depended
on the antibody concentration used for labeling cell surface receptors. High antibody 
concentrations considerably inhibited endocytosis of GABAB receptors (Grampp et al., 2007). 
To examine whether GABAB receptors expressed in neurons follow similar endocytotic 
mechanisms as in HEK 293 cells, we first applied the immunofluorescence-based 
internalization assay on primary cultured cortical neurons using low antibody concentrations. 
Unfortunately, using low antibody concentrations for labeling cell surface receptors in 
neurons resulted in rather weak staining, which made the detection of small pools of 
internalized receptors difficult and unreliable. However, in those experiments that worked out 
well, intracellular signals were detected after 120 min predominantly in the soma of neurons, 
being in favor of a constitutive internalization of GABAB receptors (not shown). 
Since the immunofluorescence-based internalization assay worked out rather unreliable 
with the antibodies at our disposal we switched to an antibody-independent cell surface 
biotinylation assay. In a first set of experiments, we determined the proportion of cell surface 
GABAB receptors, i. e. biotinylated receptors, in the cultured cortical neurons. As expected, a 
smaller fraction of total GABAB1a (11±4%), GABAB1b (10±2%) and GABAB2 (21±3%) was 
found to be expressed at the cell surface (Fig. 1A). This result confirms previous observations 
that a large proportion of GABAB receptors is localized in intracellular compartments (see e. 
g. Benke et al., 1999). We have previously shown that the entire population of GABAB1
6subunits expressed in rat brain is associated with GABAB2 subunits (Benke et al., 1999). In 
this regard, the finding that the sum of cell surface GABAB1a and GABAB1b (22±5%) equals 
that of GABAB2 (21±3%) suggests that the entire population of cell surface GABAB receptors 
in cultured cortical neurons consists of assembled GABAB1/GABAB2 receptors.
For the internalization assay, all cell surface proteins were first biotinylated at 4°C and 
subsequently the cells were incubated at 37°C for 120 min to permit endocytosis in the 
presence or absence of baclofen. After removal of biotin from cell surface proteins with 
glutathione, cells were solubilized and internalized biotinylated proteins were purified with 
streptavidin-Sepharose. The amount of biotinylated GABAB receptors was then determined by 
Western blotting using GABAB2 antibodies. Using this assay, robust constitutive 
internalization of GABAB receptors was observed (Fig. 1B). Treatment of neurons with 
baclofen (100 M) did not result in a further accumulation of internalized receptors, arguing 
against an agonist-induced internalization of GABAB receptors. The extent of GABAB
receptor internalization in the absence of baclofen was found to be 15±7% of cell surface 
receptors and in presence of 100 M baclofen 15±8%. A similar pattern of internalization was 
found in an experiment using GABAB1(C) antibodies for detection of GABAB receptors, 
indicating that the entire receptor internalize and not only GABAB2 (not shown). These 
experiments suggest that an appreciable fraction of cell surface GABAB receptors in neurons 
undergo constitutive internalization and accumulate in intracellular compartments within two 
hours.
GABAB receptors expressed in neurons internalize presumably via the clathrin-dependent 
pathway
To test whether neuronal GABAB receptors are internalized via the clathrin-dependent 
pathway we analyzed their potential colocalization with the AP2 complex, which has been 
7implicated in the recruitment of plasma membrane proteins into clathrin-coated pits (Schmid, 
1997). Using antibodies recognizing the -adaptin subunits, we found a widespread punctate 
staining throughout the soma and neurites that frequently colocalized with GABAB2 staining
(not shown). Since the antibody used recognizes not only 2-adaptin of the AP2 complex but 
also 1-adaptin of the AP1 complex, which is restricted to clathrin-coated membranes of the 
trans-Golgi network (Schmid, 1997), co-localization in the soma of neurons might indicate 
the association of GABAB receptors with the AP1 complex. To prevent colocalization of 
intracellular GABAB receptors with the AP1 complex, we selectively stained cell surface 
GABAB receptors using GABAB2(N) antibodies before fixation, permeabilization and staining 
with -adaptin antibodies. Under this condition, colocalization of -adaptins with GABAB
receptors was frequently observed at the plasma membrane of the soma and on neurites, 
indicating the potential association of GABAB receptors with the AP2 complex (Fig. 2A).
To test for a direct interaction of GABAB receptors with the AP2 complex, we performed 
immunoprecipitation experiments using extracts prepared from rat cerebral cortex and 
GABAB1(C) as well as GABAB2(C) antibodies coupled to protein A-agarose. In line with the 
immunofluorescence data, -adaptin immunoreactivity was detected in both GABAB receptor 
immunoprecipitates (Fig. 2B). Although a putative association with 1-adaptin cannot be 
ruled out, the immunoprecipitation and colocalization experiments are in favor for a direct
association of GABAB receptors with the AP2 complex and thus an endocytosis presumably 
via clathrin coated pits. 
Colocalization with endosomal marker proteins suggests recycling and lysosomal 
degradation of GABAB receptors
To explore the fate of endocytosed GABAB receptors, colocalization studies of GABAB1
and GABAB2, respectively, with endosomal marker proteins were performed on cultured 
8cortical neurons (Fig. 3). First, it was tested whether GABAB receptors colocalized with 
EEA1 or Rab5, marker proteins for early endosomes. In both cases, a small subset of 
GABAB1 and GABAB2 clusters on the soma and neurites of neurons colocalized with EEA1 
and Rab5, respectively, indicating the trafficking of GABAB receptors from clathrin-coated 
vesicles to early endosomes (Fig. 3). Next we determined whether GABAB receptors might be 
present in recycling endosomes. Both markers for recycling endosomes, Rab4 and Rab11, 
displayed colocalization in a subset of clusters (Fig. 3), suggesting that internalized GABAB
receptors might recycle back to the cell surface. Finally, we determined whether GABAB
receptors might be targeted to lysosomes for degradation by colocalization with Lamp1, a 
marker for late endosomes and lysosomes. Again, a subset of Lamp1-positive clusters 
colocalized with GABAB1 and GABAB2, respectively (Fig. 3). Thus, these results provide 
hints that internalized GABAB receptors might be transported to early endosomes and then 
either be recycled back to the cell surface or targeted to lysosomes for degradation.
GABAB receptors display constitutive recycling that is accelerated by the agonist baclofen
The colocalization of GABAB receptors with marker proteins for recycling endosomes 
suggests that endocytosed receptors may be recycled back to the cell surface. Therefore, a
potential recycling of GABAB receptors was analyzed using the cell surface biotinylation 
assay. A potential drawback of this assay is that a degradation of internalized receptors during 
the recycling period may affect the assay. To minimize such effects, all cultures were always 
incubated in the presence of 100 M leupeptin to block a potential lysosomal degradation of 
internalized receptors. Since blocking lysosomal degradation with leupeptin effectively 
inhibited degradation of GABAB receptors (Fig. 5B) an appreciable effect of as yet undefined 
degradation mechanisms is rather unlikely. For the recycling assay, cell surface proteins of 
cultured neurons were biotinylated at 4°C, followed by incubation at 37°C for 2h to permit
9internalization of receptors. After stripping off cell surface biotin with glutathione, neurons 
were again incubated for 30 or 60 min at 37°C to allow internalized receptors recycle back to 
the cell surface. After removing again cell surface biotin originating from potentially recycled 
receptors, the remaining internalized receptors were isolated and quantified by Western 
blotting (Fig. 4A). After 2 h of internalization, 11±2.4% of cell surface receptors was detected 
in intracellular compartments. After allowing internalized receptors to recycle back to the cell 
surface for 30 min and cleaving off their biotin, 4.4±1.2% of receptors remained biotinylated 
and were thus not recycled. After 60 min only 2.7±0.9% of total cell surface receptors 
remained internalized (Fig. 4A). Thus, about 60% and 75% of internalized receptors were 
recycled back to the plasma membrane within 30 min and 60 min, respectively. This result 
indicates that GABAB receptors undergo constitutive recycling in neurons.
All our experiments so far showed that treatment of neurons with the GABAB receptor-
selective agonist baclofen did not result in the increased intracellular accumulation of 
receptors or the enhanced loss of cell surface receptors, suggesting the lack of agonist-induced 
internalization of GABAB receptors. However, these experiments cannot rule out an enhanced 
recycling of GABAB receptors upon agonist stimulation. Therefore, the effect of baclofen on 
recycling of GABAB receptors was tested in the recycling assay described above, except that 
the time for recycling was reduced to 15 min. This condition was expected to yield a lower 
level of recycled receptors, permitting a more reliable detection of a potential baclofen effect
(Fig. 4B). In this set of experiments, we tested not only for the presence of GABAB2 as 
indicator of GABAB receptors but also for GABAB1a and GABAB1b to assess whether the 
entire GABAB receptor complex is recycled and whether there are potential differences
between receptors containing GABAB1a or GABAB1b. We found that a considerable fraction 
of internalized GABAB receptors constitutively recycled back to the cell surface within 15 
min with no significant differences between GABAB1a (43±12%), GABAB1b (56±18%) and 
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GABAB2 (37±7%). However, treatment of neurons with 100 M baclofen during the 
recycling period increased the rate of recycling (GABAB2: 76±10%, GABAB1a: 75±18%, 
GABAB1b; 78±3%). Thus, agonist-stimulation considerably accelerated recycling of GABAB
receptors.
Internalized GABAB receptors are eventually degraded in lysosomes
The colocalization of GABAB receptors with the lysosomal marker protein Lamp1 
suggests that endocytosed receptors are finally degraded in lysosomes. We analyzed the 
potential lysosomal degradation of GABAB receptors using the biotinylation assay. Cell 
surface proteins of cortical neurons were biotinylated and cells were incubated for 4 h at 37°C 
to permit GABAB receptors to internalize. In this set of experiments, the internalization time 
was extended to 4 h to allow the receptors to intracellularly accumulate over a prolonged 
period of time. The incubation was performed in the absence or presence of leupeptin, an
inhibitor of lysosomal proteases. In the absence of leupeptin 13±2% of cell surface receptors 
accumulated after 4 h in the neurons (Fig. 5A). Inhibition of lysosomal proteases resulted in 
an increased intracellular accumulation of GABAB receptors (28±3%). This result strongly 
indicates that internalized GABAB receptors are eventually degraded in lysosomes.
Inhibition of recycling routes GABAB receptors to the degradation pathway
To analyze whether recycling or degradation is the main pathway of endocytosed GABAB
receptors we analyzed the effect of blocking recycling with monensin, which inhibits the 
fusion of intracellular vesicles with the plasma membrane, on the extent of receptor 
degradation. Cell surface proteins of cortical neurons were biotinylated and incubated for 30 
min at 37°C in the absence or presence of 50 M monensin. Strikingly, inhibition of recycling 
with monensin resulted in a dramatic reduction of biotinylated receptors (GABAB2: 41±7%, 
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GABAB1a: 61±6%, GABAB1b; 60±10% of control), suggesting their degradation (Fig. 5B). 
Since in the absence of monensin no reduction of biotinylated receptors was observed, this 
result suggests that receptors destined for recycling were sorted to lysosomes for degradation. 
To verify that the dramatic loss of receptors after blocking recycling with monensin is indeed
due to lysosomal degradation, biotinylated neurons were incubated with monensin and in 
addition with leupeptin to inhibit lysosomal degradation. Under these experimental 
conditions, leupeptin largely prevented the monensin-induced loss of biotinylated receptors 
(GABAB2: 78±3%, GABAB1a: 91±8%, GABAB1b; 86±15% of control, Fig. 5B). Thus,
inhibition of constitutive recycling routes internalized GABAB receptors to lysososomes for 
degradation. In addition, this experiment implies that recycling is the predominant route of 
endocytosed GABAB receptors.
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Discussion
In this study we analyzed internalization and intracellular sorting of GABAB receptors in 
cultured cortical neurons. The results indicate that GABAB receptors interact with the AP2 
complex at the plasma membrane and are constitutively endocytosed presumably via the 
clathrin-dependent pathway. Internalized GABAB receptors are predominantly sorted to 
recycling endosomes for rapid reinsertion into the plasma membrane, a process that is 
considerably enhanced upon agonist-treatment. GABAB receptors are eventually targeted to 
lysosomes for degradation. 
Constitutive internalization of GABAB receptors
An appreciable proportion of cell surface GABAB receptors (~15%) accumulated in 
intracellular compartments within 120 min, suggesting a low level of constitutive receptor 
internalization. This extent of GABAB receptor internalization in neurons was considerably 
less than that we previously observed using GABAB receptors transiently expressed in 
HEK293 cells (Grampp et al., 2007). In HEK 293 cells, internalized receptors were already 
detectable after 10 min and after 120 min about 40-50% of cell surface receptors were found 
to be endocytosed. Thus, in cultured cortical neurons the extent of constitutive removal of cell 
surface GABAB receptors appears to be considerably lower. The different extent of 
intracellular accumulation of GABAB receptor in cortical neurons and HEK293 cells might 
either be due to the distinct cellular context or to the over-expression of GABAB receptors in 
the HEK 293 cells.
Evidence for agonist-induced internalization of GABAB receptors
Chronic stimulation with baclofen did not result in an increased pool of internalized 
GABAB receptors or in an enhanced loss of cell surface receptors. This finding is in line with 
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so far published data obtained under similar experimental conditions irrespective whether 
receptors were expressed in neurons (Fairfax et al., 2004; Vargas et al., 2008) or in 
heterologous expression systems (Fairfax et al., 2004; Grampp et al., 2007; Mutneja et al., 
2005; Perroy et al., 2003). These experiments suggest that chronic activation does not 
promote endocytosis of GABAB receptors. However, the experimental design used in all of 
the studies cannot exclude an agonist-induced endocytosis of GABAB receptors coupled to 
rapid recycling of the receptors back to the plasma membrane. Therefore, we addressed this 
question using a biotinylation-based recycling assay and found that GABAB receptors display 
fast constitutive recycling that is considerably enhanced (about two-fold) after stimulating the 
receptors with baclofen. This finding is supported by a recent study that reported agonist-
induced recycling of epitope-tagged GABAB receptors transiently overexpressed in spinal 
cord neurons (Laffray et al., 2007). After blocking recycling with monensin, they detected an 
intracellular accumulation of GABAB receptors upon stimulation with baclofen using an 
immunofluorescence assay. However, Laffray et al., (2007) did not detect a significant 
constitutive recycling of GABAB receptors. The reason for this discrepancy is currently 
unclear and may be due to the cellular context (cortical versus spinal cord neurons) or to the 
over-expression of GABAB receptors in the spinal cord neurons. Further indirect support for 
an agonist-promoted endocytosis of GABAB receptors is provided by Puckerin et al. (2006)
analyzing GABAB receptor-induced internalization of calcium channels in chick sensory 
neurons. They observed after baclofen stimulation of cultured sensory neurons a transient 
intracellular colocalization of calcium channels, arrestin and GABAB receptors. Thus, the 
present data suggest that GABAB receptors indeed display agonist-accelerated endocytosis. 
This process could not be detected in internalization assays based on the intracellular 
accumulation of receptors since it is coupled to fast recycling of the receptors.
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Evidence for clathrin-dependent internalization of GABAB receptors
Previously we had shown that GABAB receptors transiently expressed in HEK293 cells 
were endocytosed via the classical clathrin-dependent pathway (Grampp et al., 2007). This 
conclusion was based on the observation that internalization of receptors was inhibited by 
hypertonic concentrations of sucrose as well as chlorpromazine and that GABAB receptors 
were associated with the AP2 complex that recruits receptors to clathrin-coated pits. 
Treatments that interfere with clathrin-dependent endocytosis (hypotonic sucrose, 
chlorpromazine, K+-depletion) have pleiotropic effects especially on neurons. We therefore 
confirmed a putative clathrin-dependent internalization in neurons by demonstrating the 
colocalization of GABAB receptors with -adaptin of the AP2 complex in discrete clusters at 
the plasma membrane of cortical neurons and by the coimmunoprecipitation of GABAB
receptors with -adaptin from rat brain extracts. Further indication for a clathrin-dependent 
endocytosis is provided by two recent studies showing that internalization of GABAB
receptors transfected into spinal cord neurons was inhibited by K+-depletion (Laffray et al. 
2007, Vargas et al. 2008) but not by nystatin, an inhibitor of caveolin-dependent endocytosis
(Laffray et al. 2007). Thus, the present data suggest that GABAB receptors predominantly
internalize via the classical clathrin-dependent pathway. 
Fate of endocytosed GABAB receptors
Our double-labeling immunofluorescence experiments revealed the colocalization of 
GABAB receptors with marker proteins for early endosomes (EEA1, Rab5), recycling 
endosomes (Rab 4, Rab 11) and lysosomes (Lamp1) in a subset of discrete clusters in the 
soma and neurites of cortical neurons. These findings provided initial hints that endocytosed 
receptors may first enter the compartment of early endosomes and are then sorted either to 
recycling endosomes or to lysosomes for degradation. This conclusion is supported by 
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immunohistochemical data reported on the supraoptic nucleus indicating the presence of 
GABAB receptors in early endosomes and in lysosomes (Richards et al., 2005). In addition, 
the presence of endocytosed GABAB receptors in Rab11-positive vesicles was observed using 
GABAB receptors transiently expressed in spinal cord neurons (Laffray et al., 2007) or 
hippocampal neurons (Vargas et al. 2008). 
Using the cell surface biotinylation assay we verified both recycling and lysosomal 
degradation of GABAB receptors in cortical neurons. The notion that GABAB receptors are 
eventually degraded in lysosomes was confirmed by the finding that blocking lysosomal 
proteases by leupeptin resulted in an increased accumulation of internalized GABAB
receptors. In addition to being degraded in lysosomes, recycling back to the cell surface 
appears to be the major pathway of endocytosed GABAB receptors. We found that already 
within 15 min a considerable proportion of a pool of internalized receptors recycled back to 
the plasma membrane. This observation suggests that a large fraction of cell surface GABAB
receptor constantly internalize and rapidly recycle back to the cell surface. Moreover, direct 
evidence for a reinsertion into the plasma membrane of constitutive recycling GABAB
receptors was recently provided by a Vargas el al. (2008) using an immunofluorescence 
approach. The high rate of recycling observed in the present study was considerably 
accelerated upon activation of GABAB receptors with baclofen, indicating that constitutive 
recycling of GABAB receptors may be a highly regulated process. Interestingly, blocking 
recycling of receptors with monensin resulted in a dramatic loss of biotinylated GABAB
receptors that was largely prevented by inhibition of lysosomal proteases. This finding 
indicates that blocking reinsertion of GABAB receptors into the plasma membrane redirects 
the receptors to lysosomes for degradation and implies that recycling is the main route of 
endocytosed GABAB receptors. Since blocking of recycling did apparently not inhibit 
endocytosis, both processes appear to be independently regulated.
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Conclusions
The current data suggest that neuronal GABAB receptors constitutively internalize
presumably via the clathrin-dependent pathway and are sorted to two distinct and independent 
intracellular routes. Internalized GABAB receptors are either targeted to lysosomes for 
degradation or are recycled back to the plasma membrane (Fig. 6). The data indicate that 
internalized GABAB receptors are sorted predominately to the recycling pathway, which is 
considerably accelerated upon activation of GABAB receptors by baclofen. The physiological 
relevance of constitutive recycling of GABAB receptors is not clear yet but it may be a 
mechanism to provide an intracellular pool of receptors that can be rapidly inserted into the 
plasma membrane under altered physiological conditions. In this respect it is interesting to 
note that the rate of plasma membrane insertion of constitutively recycling AMPA receptors 
was considerably increased during induction of LTP, which resulted in enhanced numbers of 
surface receptors and enhanced synaptic efficacy (Park et al., 2004). Therefore, constitutive 
recycling may represent a mechanism that would enable neurons to rapidly increase the 
density of cell surface GABAB receptors in response to internal or external stimuli without the 
need of synthesizing new receptors.
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Experimental methods
Antibodies
The following primary antibodies were used: rabbit GABAB1(C) directed against the C-
terminus of GABAB1 common to both GABAB1a and GABAB1b (affinity purified, 1:50 for 
Western blotting, (Benke et al., 1999)), rabbit GABAB2(N) directed against the N-terminus of 
GABAB2 (serum, 1:2000 for IF, (Benke et al., 2002)), rabbit GABAB2(C) directed against the 
C-terminus of GABAB2 (coupled to protein A-agarose for immunoprecipitation (Benke et al., 
2002)), guinea pig GABAB2 (1:2000 for IF and Western blotting, Chemicon International), 
guinea pig GABAB1 (1:2000 for IF, Chemicon International), mouse 1 and 2 adaptins 
(1:250 for IF and Western blotting, Sigma-Aldrich), mouse Rab4 (1:100 for IF, BD 
Biosciences), Rab5 (1:100 for IF, BD Biosciences), Rab11 (1:100 for IF, BD Biosciences), 
EEA1 (1:1000 for IF, BD Biosciences), mouse Lamp1 (1:1000 for IF, Stressgen Bioreagents), 
mouse actin (1:80,000 for Western blotting, Chemicon International).
Cell culture
For primary cultures of cortical neurons E18 embryos of time-pregnant Wistar rats were 
used. The cerebral cortex was dissected on ice in PBS containing 5.5 mM glucose and 
antibiotic-antimycotic (1:100, Invitrogen). The tissue was incubated with papain solution 
(Sigma-Aldrich, 0.5 mg/ml in PBS, 1 mg/ml BSA, 10 mM glucose, 10 g/ml DNaseI) for 15 
min at 37°C, washed two times in Dulbecco’s modified Eagles’s medium containing 10% 
FCS, triturated gently and plated to a density of about 80,000 cells onto poly-L lysine coated 
coverslips (18 mm) which were placed in 12-well culture plates. Alternatively, cells were 
plated directly onto 6 cm culture dishes (about 2.5x106 cells per dish). After one day at 37°C 
and 5% CO2 the culture medium was exchanged with neurobasal medium (Invitrogen) 
containing B27 supplement (1:50, Invitrogen), GlutaMAX (1:100), antibiotic-antimycotic 
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(1:100, Invitrogen), 10 M fluorodeoxyuridine (Sigma-Aldrich), 10 M uridine (Sigma-
Aldrich). Neurons were kept in culture for 12 to 21 day. 
Immunocytochemistry
For double labeling immunocytochemistry, neurons cultured on coverslips were washed 
with PBS, fixed with 4% paraformaldehyd, 4% sucrose for 10 min and permeabilized for 5 
min with 0.1% Triton X-100 in PBS. Incubation with primary antibodies diluted to the 
appropriate concentration in PBS containing 10% normal goat serum was done for 1 hour at 
room temperature. After washing extensively with PBS the cells were incubated with 
secondary antibody coupled either to Alexa Fluor 488 (1:1000, Invitrogen) or Cy-3 (1:500, 
Jackson ImmunoResearch). After three washes with PBS, the neurons were mounted in 
fluorescence mounting medium and analyzed by confocal laser scanning microscopy. 
Confocal laser scanning microscopy
Images from immunofluorescence staining experiments were acquired on a Zeiss LSM 
510 Meta confocal microscope using a 100x plan-apochromat oil differential interference 
contrast objective (Carl Zeiss AG, Feldbach, Switzerland) at a resolution of 1024x1024 
pixels. Laser power and detector gain was set to ensure that the pixel intensities remained 
within the dynamic range and pinholes were set to one Airy. For each image, 5 optical 
sections with 0.3 m spacing were scanned. In control experiments using single antibody 
staining, acquisition settings were tested for “bleed-through”. Images were processed using 
Imaris (version 4.2, Bitplane, Zurich, Switzerland).
Cell surface biotinylation assay
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Cortical neurons cultured on 6 cm dishes were washed 2 times with ice-cold buffer A (25 
mM Hepes 7.4, 5 mM KCl, 119 mM NaCl, 2 mM CaCl2, 2 mM MgCl2, 30 mM glucose), 
followed by biotinylation of cell surface proteins with Sulfo-NHS-SS-Biotin (0.5 mg/ml; 
Pierce) in buffer A for 15 min at 4°C. After 3 washes with ice-cold buffer A containing 1% 
BSA, the neurons were incubated for 120 min at 37°C in their original culture medium in the 
presence of 100 M chloroquine or 100 M leupetin, respectively, to inhibit lysosomal 
degradation of internalized receptors. Cultures for determining total cell surface and 
background labeling were left on ice. Subsequently, cell surface biotin was cleaved off with 
glutathione solution (75 mM glutathione, 75 mM NaCl, 10 mM EDTA, 1% BSA) 2 times for 
15 min each on ice (except from cultures kept on ice for determination of total cell surface 
receptors). Neurons were then harvested in buffer A and pelleted by centrifugation. After 
resuspending the neurons in 40 l 10 mM Tris pH 8, 150 mM NaCl containing protease 
inhibitors (complete Mini, Roche Diagnostics), SDS was added (final concentration 1%) and 
the samples were heated for 15 min at 65°C. Subsequently, the samples were diluted with 400 
l solubilization buffer (10 mM Tris pH 8, 150 mM NaCl, complete Mini, 1% Triton X-100), 
sonified and centrifuged at 100,000g for 30 min at 4°C to remove insoluble material. 
Supernatants were incubated with 50 l streptavidin Sepharose (GE Healthcare) overnight at 
4°C to precipitate biotinylated proteins. The Sepharose beads were washed 2 times with 
solubilization buffer, 2 times with solubilization buffer containing 0.6 M NaCl and again 2 
times with solubilization buffer. Bound proteins were eluted by incubation in SDS sample 
buffer for 15 min at 65°C, followed by SDS-PAGE and Western blotting using guinea pig 
GABAB2 or rabbit GABAB1(c) antibodies and the appropriate secondary antibodies. 
Chemoluminescence (Super Signal West Pico Chemoluninescence Substrate; Pierce) signals 
were captured using a Fuji LAS-1000 plus imaging system (Fujifilm, Tokio, Japan) and 
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immunoreactive bands were quantified with the AIDA software (version 3.25; Raystest, 
Pforzheim, Germany). 
Immunoprecipitation
For immunoprecipitation of GABAB receptors, crude membranes prepared from rat 
cerebral cortex (5 mg protein/ml) were solubilized using 0.5% sodium deoxycholate for 1 
hour on ice. After centrifugation at 100,000 g for 30 min, GABAB1(C) as well as GABAB2(C)
antibodies covalently coupled to protein A-agarose were added to the supernatant and 
incubated for 5 hours at 4°C. Immune complexes were collected by centrifugation and 
extensively washed with 10 mM Tris pH 8, 150 mM NaCl, protease inhibitor cocktail 
(complete Mini, Roche Applied Science), 1% Triton X-100. Washed immunoprecipitates 
were incubated in sample buffer for SDS polyacrylamid gel electrophoresis for 15 min at 
65°C and released proteins were analyzed by Western blotting. Controls for nonspecific 
precipitation were done in parallel using protein A-agarose conjugated to non-immune 
antibodies.
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Legends to figures
Fig. 1. Constitutive internalization of GABAB receptor in cultured cortical neurons.
A) Determination of the proportion of cell surface GABAB receptors. Cell surface proteins of 
cultured cortical neurons were biotinylated for 15 min at 4°C and purified using steptavidin-
Sepharose. Corresponding proportions of total and cell surface (biotinylated) proteins were 
resolved by SDS-polyacrylamid gel electrophoresis, blotted onto nitrocellulose and probed for 
the presence of GABAB1a, GABAB1b and GABAB2 using GABAB1(C) and GABAB2 antibodies
(left panel). The blots were additionally probed for the presence of actin to verify the 
specificity of cell surface biotinylation. For quantification of the blots, signals of total 
GABAB1a and GABAB2, respectively, were set to 100% (right panel). The data represent the 
mean ± SD of 6 experiments.
B) Constitutive internalization of GABAB receptors. After biotinylation of surface proteins for 
15 min at 4°C cultured cortical neurons were incubated for 120 min at 37°C in the presence or 
absence of 100 M baclofen. After removal of cell surface biotin with glutathione, 
biotinylated internalized proteins were purified with streptavidin-Sepharose and the 
abundance of GABAB receptors was determined by Western blotting with GABAB2
antibodies (left panel). Constitutive internalization of GABAB receptors was observed (no 
baclofen) but not agonist-induced endocytosis (no further increase of signal in the presence of 
baclofen). Total surface receptors: neurons were left on ice to prevent internalization and were 
not subjected to cleavage with glutathione; nonspecific: neurons were left on ice to prevent 
internalization and were subjected to cleavage with glutathione; internalized receptors: 
neurons were incubated for 120 min at 37°C to allow endocytosis followed by stripping off 
cell surface biotin with glutathione. Quantification of chemoluminescence signals captured 
using a Fuji LAS-1000 plus imaging system revealed that 15±7% and 15±8% of cell surface 
receptors were internalized in the absence and presence of baclofen, respectively (right panel). 
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Signals of “total surface receptors” (control) were set to 100%. Signals for “nonspecific”, i.e. 
cell surface biotin that was not cleaved off by glutathione; was subtracted from signals of 
“internalized receptors”. The data represent the mean ± SD of 4 independent experiments
done in duplicates.
Fig. 2. Colocalization and coimmunoprecipitation of GABAB receptors with the -adaptin 
subunit of the AP2 complex.
A) Colocalization of GABAB receptors with -adaptin. Cell surface GABAB receptors of 
living cortical neurons were labeled with GABAB2(N) antibodies for 60 min at 4°C. Cells were 
then fixed, permabilized and stained for -adaptin. The widespread -adaptin staining (red) 
frequently colocalized with GABAB2(N) immunorecacivity (green) in discrete clusters on the 
plasma membrane of the soma and on neurites. Scale bars represent 10 m.
B) Co-immunoprecipitation of -adaptin with GABAB receptors. GABAB receptors were 
immunoprecipitated from extracts prepared from rat brain cerebral cortex using GABAB1ac
and GABAB2(C) antibodies coupled to protein A-agarose. The extensively washed 
immunoprecipitate was subjected to Western blotting for detection of GABAB2 and -adaptin. 
Specificity of the immunoprecipitation was verified by using protein A beads conjugated to 
non-immune antibodies (control). IP, immunoprecipitate, Ab, antibody. 
Fig. 3. Colocalization of GABAB receptors with marker proteins for recycling endosomes and 
lysosomes.
Cultured cortical neurons were fixed, permeabilized and processed for double-labeling 
immunofluorescence analysis using guinea pig GABAB1 or GABAB2 antibodies, respectively, 
and mouse antibodies directed against marker proteins for early endosomes (EEA1, Rab5), 
recycling endosomes (Rab4, Rab11) or lysosomes (Lamp1). GABAB1 and GABAB2 (red) was 
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found to be colocalized (yellow) with all marker proteins tested (green) in a subset of discrete 
clusters in the soma (not depicted) and neurites. Pictures shown represent single optical 
sections. Scale bars represents 10 m.
Fig. 4. Internalized GABAB receptors display constitutive recycling, which is accelerated by 
the GABAB receptor-selective agonist baclofen.
(A) Constitutive recycling of GABAB receptors. After biotinylation of surface proteins for 15 
min at 4°C cultured cortical neurons were incubated for 120 min at 37°C to permit
internalization of labeled GABAB receptors. Subsequently, biotin from cell surface proteins 
was cleaved off with glutathione and cultures were again incubated for 30 min or 60 min at 
37°C to allow internalized receptors recycle back to the cell surface. Cell surface biotin that 
originated from recycled receptors was then removed and remaining biotin-labeled 
internalized receptors isolated and analyzed by Western blotting (left panel). To prevent 
lysosomal degradation of internalized receptors the cultures were always incubated in the 
presence of 100 M leupeptin. The decrease of GABAB2 staining indicates the recycling of 
internalized receptors. Quantification (right panel) of Western blots revealed that about 60%
and 75% of internalized receptors were recycled back to the cell surface within 30 min and 60 
min, respectively. Signals of “total surface receptors” (control) were set to 100%. Lanes 
containing signals for remaining biotin on the cell surface after glutathione cleavage
(nonspecific) were on a distant part of the blot and thus not shown. “No recycling” refers to 
cultures left on ice after the first round of glutathione treatment, “60 min , 4°C” refers to 
cultures left on ice during the recycling period but received a second round of glutathione 
treatment and thus served as control that no signals of internalized receptors were non-
specifically lost during the second incubation and biotin removal cycle. The data represent the 
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mean ± SEM of 6 independent experiments, * P<0.05, ** P<0.01, one way ANOVA with 
Dunnet’s posttest. 
(B) Agonist-accelerated recycling of GABAB receptors. GABAB receptors were subjected to 
the recycling assay as described above except that the time for recycling was reduced to 15 
min and one set of cultures were treated with 100 M baclofen during the recycling period. 
Quantification (right panel) of the Western blots revealed that a substantial fraction of 
internalized GABAB receptors constitutively recycled back to the cell surface within 15 min
(GABAB2: 37±7%, GABAB1a: 43±12%, GABAB1b: 56±18%), which was considerably 
enhanced by 100 M baclofen (GABAB2: 76±10%, GABAB1a: 75±18%, GABAB1b: 78±3%). 
Signals of “total surface receptors” (control) were set to 100%. Signals for “nonspecific”, i.e. 
cell surface biotin that was not cleaved off by glutathione was subtracted from signals of 
“internalized receptors”. “No recycling” refers to cultures left on ice after the first round of 
glutathione treatment. “15 min, 37°C Recycling” refers to cultures subjected to a recycling 
period of 15 min. “15 min, 37°C Recycling + baclofen” refers to cultures subjected to a
recycling period of 15 min in the presence of 100 M baclofen. The data represent the mean ± 
SEM of 4 independent experiments for GABAB2 and 3 independent experiments for GABAB1, 
* P<0.05.
Fig. 5. Internalized GABAB receptors are eventually degraded in lysosomes.
(A) Lysosomal degradation of GABAB receptors. Cell surface proteins of cortical neurons 
were biotinylated and incubated for 4 h at 37°C to permit internalization in the absence or 
presence of 100 M leupeptin to inhibit lysosomal proteases. After removal of cell surface 
biotin, internalized biotinylated proteins were isolated and analyzed for the presence of 
GABAB receptors by Western blotting (left panel). Quantification (right panel) of the Western 
blots revealed a two fold increase of internalized receptors after blocking lysosomal proteases
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by leupeptin. Signals of “total cell surface receptors” were set to 100%. Signals for 
“nonspecific”, i.e. cell surface biotin that was not cleaved off by glutathione; was subtracted 
from signals of “internalized receptors”. The data represent the mean ± SEM of 6 independent 
experiments performed in duplicates, ** P<0.01, t-test.
(B) Inhibition of recycling favors lysosomal degradation of GABAB receptors. Cell surface 
proteins of cortical neurons were biotinylated and incubated for 30 min either at 4°C (control 
for total biotinylated receptors, 100% value) or at 37°C in the absence (Buffer) or presence of 
50 M monensin (Monensin) to block reinsertion of receptors into the plasma membrane. To 
block in addition lysosomal degradation of the receptors cultures were incubated with 50 M 
monesin plus 100 M leupeptin (Monensin + Leupeptin). Subsequently, neurons were 
harvested and biotinylated proteins were isolated and subjected to Western blotting with 
GABAB1a(C) or GABAB2 antibodies, respectively (left panel). In this experiment, the total 
amount of biotinylated GABAB receptors was analyzed. Quantification (right panel) of blots 
revealed a dramatic loss of receptors after blocking recycling of receptors, which was largely 
inhibited after blocking lysosomal degradation with leupeptin. The data represent the mean ± 
SEM of 4 independent experiments for GABAB2 and 3 independent experiments for GABAB1, 
* P<0.05, ** P<0.01, *** P<0.001, one way ANOVA with Bonferroni posttest.
Fig. 6. Model of endocytotic pathways of GABAB receptors in cortical neurons.
The data suggest that GABAB receptors constitutively internalize presumably via the clathrin-
dependent pathway as indicated by the interaction with the AP2 complex. After entering into 
the sorting compartment of early endosomes (colocalization with Rab5 and EEA1), the 
majority of internalized GABAB receptors are targeted to recycling endosomes (colocalization 
with Rab4 and Rab11) and are recycled back to the plasma membrane. Recycling of GABAB
receptors is considerably enhanced upon stimulation with the agonist baclofen. A small 
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portion of the receptors are sorted to lysosomes (colocalization with Lamp1) for degradation. 
Gray filled circles represent clathrin. Marker proteins used for colocalization are indicated at 
the arrows. 
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